Growth of Rhixobium trijiolii in a defined medium reflected the supply of Ca2+ and Mg2+ (subsequently Ca and Mg, respectively) in distinctive fashion. Deficiency of Ca, in the presence of sufficient Mg, caused reduction in growth rate, the level of maximum growth and the proportion of viable cells. Such Ca-deprived cells were markedly swollen and vacuolated. On the other hand, although shortage of Mg (Ca sufficient) was without effect on growth rate down to the lowest concentration a t which growth occurred, maximum growth and the proportion of viable organisms were markedly decreased. Mg-deficient organisms were appreciably elongated. Signs of Ca deficiency became apparent at less than 0.025 mM, and Mg deficiency at less than 0.1 mM, most markedly in the range below 0.5 mM. Additionally there was a need for total divalent cations of the order of 0.4-0.6 mM. This could be met by either Ca or Mg provided both were sufficient for their maximum specific effect.
INTRODUCTION
Norris (1958, 1959) reopened the question of the need of Rhizobium for calcium. He was able to maintain a large number of strains in serial subculture in a medium free from detectable calcium; by the same method dependence on magnesium was readily shown. Magnesium seems in fact to be essential for all bacteria that have so far been studied critically, as one would expect from its known role as co-factor, but evidence for dependence on calcium is less common. Such an effect has however been shown for most species and strains examined of Azotobacter (Horner & Burk, 1934;  Norris & Jensen, 1957) , for Nitrosomonas (Kingma Boltjes, 1935) Brucella (McCullough et al. 1947) and in some photosynthetic bacteria (Foster, 1944; Hutner, 1946) . A marked requirement for calcium has also been ascribed to Rhizobium but, as pointed out by Norris, not all the evidence is valid. However, the stimulation obtained by Pitz (1916) when calcium was added to a defined medium appears to have been real, as do the responses reported by Allyn & Baldwin (1932) and McCalla (1937), the latter in a clay having already adequate magnesium. More recently Ferry, Blachhre & Obaton (1959) showed that Rhixobium mliloti responded to calcium. Bergersen (1961) also showed responses by this and several other species.
Calcium response and the more striking magnesium effect with the rhizobia of the temperate legumes (Rhixobium trifolii, R. meliloti) have been demonstrated in this laboratory by Davies, Mullens & Colburn (unpublished data) . These observations were based on detailed growth curves obtained under conditions which per-42-2 654 J. M. VINCENT mitted large populations (about 5 x lo9 organisms/ml.) to be attained. Clear responses were established when using a defined medium without special purification. The main trend of our results has been recently reported, particularly the striking cytological abnormalities associated with a deficiency of either calcium or magnesium (Vincent & Colburn, 1961) .
Certain points of technique and procedure that need to be observed in investigations of this kind have often been overlooked. These include the following. (i) Readings to be sufficiently frequent to enable growth characteristics to be established. (ii) Other conditions of growth (e.g. nutrients, aeration) to be adequate so that the factor under test will he limiting. (iii) The medium to be chosen so that ions of one charge can be varied without concomitant variations in ions of the opposite charge, except when it has been shown that such variation does not affect growth. (iv) The specific effect of a particular ion to be distinguished from possible non-specific effects associated with the total ionic concentration. (v) Precipitation from the growth medium to be avoided by working within the solubility range of all constituents and, where necessary, by modifying sterilization procedures. The present paper applies these principles in a detailed study of the calcium and magnesium requirements of a strain of Rhixobium trifolii. Its chief conclusions have, however, been substantiated with several other strains of this species and with strains of R. meliloti.
METHODS

Organism.
A non-gummy variant of Rhixobium trifolii (SU 298/531) was chosen for detailed study because it maintained more even turbidity in the course of the whole growth curve.
Medium. A defined medium, modified slightly from that of Norris (1958), was able to support good growth without the addition of any other organic material. The constant part of the medium consisted of 0.45 g. Na,HPO,. 12H,O; 0.029 g. Na,SO,, 0.6 g. KNO,; 0.01 g. FeCI., .6H,O; 10 g. mannitol; 100 pg. thiamine hydrochloride; 0.5 pg. biotin; in 1 1. twice glass-distilled water. Calcium and magnesium were supplied as chlorides so that the concentration of anion would be unaffected by variation in the relative amounts of the cations. The maximum concentration of divalent cation (1 mM) was such that all salts remained in solution a t pH 6, provided the calcium chloride and magnesium chloride solutions were sterilized separately and added to the rest of the medium aseptically. All chemicals, except the vitamins, were of analytical grade. Traces of divalent cations already present in the complete medium were kindly determined by Dr B. Davey by the atomic absorption method. Calcium in the medium containing 0-5 mM magnesium was 0.006 mM (0.25 p.p.m.); magnesium in the medium with 0.5 m M calcium was 0-007 mM (0.16 p.p.m.). Glassware was cleaned with chromic + sulphuric acid, rinsed several times in tap water and then twice with glass-distilled water.
The value pH 6 for the medium was chosen in the first instance because it allowed abundant and rapid growth of the organism whilst avoiding difficulties of solubility a t higher concentrations of cations. Several experiments were, however, conducted at other pH levels.
Growth vessels and incubation. Medium (10 ml.) was dispensed into optically matched 1 tubes, and aeration obtained by rocking (twenty-six times a minute, Growth of Rhizobium 655 3 in. horizontal displacement) so that the shallow layer of the liquid moved from one end of the 1 to the other. Incubation was at 28" in a controlled water bath.
Inoculum. Surface growth a t 3 days on yeast mannitol agar, but without CaCO, was rubbed off in 10 ml. sterile glass-distilled water and adjusted turbidimetrically, to provide about 20 x lo6 organisms per 1 tube when dispensed as two drops from a standardized dropping pipette. The actual viable count of the inoculum used was determined on each occasion. ' Determination of growth. Amounts of growth were determined turbidimetrically in the EEL photoelectric colorimeter (Evans Electroselenium Ltd., Harlow, Essex) with the green (404) filter. Turbidity readings greater than 30 on this intrument departed significantly from a linear relationship to concentration of organism. The readings were adjusted to conform with the extrapolated straight line of a curve constructed from a series of dilutions of a concentrated suspension. Comparisons were made with the total count on a number of occasions and in general the relationship was of the order 1 EEL unit = 50 x 106 organisms/ml. with little difference between young (28 hr.) and old (100 hr.) growth. Growth was however affected by the presence or absence of calcium (e.g. with calcium, 60 x 106/rnl./unit; without, 39 x 106/ml.). The smaller value in the absence of calcium reflects the larger average dimensions of the deprived organisms.
Growth rates (r) based on logarithms to base 10, time in hr., were calculated as the line of best fit for readings in the logarithmic phase. Mean generation time can be calculated as (log 2)/r, and has approximated to 3-4 hr. for the complete medium. Specific growth rate ( p ) = 2 . 3~. From earlier experiments which had been continued for at least 168 hr., it was apparent that the maximum stationary growth could be determined more conveniently a t 96-100 hr. Accurate determination of lag time is difficult in experiments of this nature, except by direct counting, which is time-consuming and imposes such limitations on replication as to be hardly practicable for regular use. Lag period determinations have therefore been limited to special cases.
The values quoted for each treatment are based on three to five, usually four, replicate tubes.
RESULTS
Genera 1
The results of one of the earlier experiments, in which the total concentration of divalent cations was kept constant at two values, are briefly summarized in Table 1 . Comparison involving calcium deficiency can be made between treatments 1 and 2,4 and 5 (same total divalent cations) and between 1 and 5 (same magnesium concentration & calcium). In either case the response to calcium is clear. In this, and in some other experiments, a small amount of growth occurred when no magnesium was added. The results of a similarly planned, but more detailed, experiment are given in Table 2 . In this case the characteristics of early growth, before turbidity reached a degree suitable for measurement in the colorimeter, were determined by viable and total counts, each at three times. Examination of the detailed growth curves in this experiment has shown that the logarithmic phase was maintained between 12 and 46 hr. Valid estimates of growth rate could therefore be made by using turbidity data representing the later part of the logarithmic phase. In fact 656 J. M. VINCENT such rate determinations agreed very well with those based on direct counts a t an earlier stage of growth.
All three estimates of the growth rate showed a clear response to calcium. The stationary population (90 hr.) also showed a marked response to this element, but the lag time was unaffected. In this and some other experiments, the tubes without added magnesium did not show any growth. Total concentration of cations. Before proceeding to more detailed studies of growth responses with graded doses of calcium and magnesium, it seemed desirable to establish the effect of the total concentration of these ions. The data given in Table 1 (treatments 1 and 4) had already indicated that any effect above 0.5 m M was likely to be small, Table 3 combines the results of two experiments in the range 0.1 to 0.8 mM divalent cations. The stationary population reflected the total concentrations of divalent cations, particularly between 0-1 and 0.2 mM, although the growth rate was unaffected. The total effect was independent of the relative amounts of calcium and magnesium, each a t least 0.05 mM.
More detailed attention could therefore be given to lower concentrations of either ion in the region of total cation concentration, 0.4 to 0.6 m M . Figs. 1 and 2 show detailed growth curves at limiting concentrations of calcium and magnesium, respectively. Marked differences between the growth response to the two ions are immediately apparent.
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Dosage response relationships with calcium and magnesium
Effects of calcium. As in earlier experiments, an effect on growth rate could be demonstrated with the lowest concentration of calcium ( Table 4) . The difference in growth rate was sufficient to explain the spacing of the calcium curves along the time axis without any increase in lag time being involved (see also Table 2 ). Maximum growth rate occurred at 0.005 mM. Total growth was increased up to 0.025 mM, though most steeply and linearly to 0.005 mM (Fig. 3) . The relationship during the linear portion of the dose-response curve can be expressed as: y = 29 + 9800x, in which y is growth as EEL units, and x is the mM concentration of added Ca. Quite considerable total growth occurred even without the addition of Cay but from the nature of the response curve this could well be accounted for by the Ca already known to be present. (See alternate scale on the abscissa of Fig. 3 allowing for 0.006 mM Ca already in the medium.)
Effects of magnesium. With magnesium on the other hand ( Fig. 2 ; Table 5 ) growth rate and lag time at the lowest concentration (0.001 m~) could not be distinguished from the highest. When, as in Expt. 2, growth occurred without the addition of magnesium, the rate and lag were also normal. Experiments 2 and 3 were put up at the one time to determine whether a tenfold dilution of inoculum would result in the growth rate being decreased at lower values of added magnesium. Experiment 2 (0.2 x 106 organisms/ml.) showed an extended lag compared with Expt. 3 (2.4 x 106 organisms/ml.), but the number of organisms in the inoculiim 658 J. M. VINCENT had no effect on the magnesium response. Unfortunately the earlier readings that were needed for the determination of rate in Expt. 3 were not available. However, it was apparent from the similarity of the first readings for all concentrations that the early growth was independent of added magnesium in this experiment also.
Stationary growth data from four experiments plotted against concentration of added magnesium (Fig. 3) showed that a linear relationship (y = 4.9+1210~) was maintained up to 0.05 mM. Again any growth that occurred without added magnesium can be accounted for by the small amount of Mg (0.007 miu) likely to be present in the basal medium. 
v -
Relationship of pH value to need for calcium and magnesium Table 6 combines data from two experiments and shows that calcium effects were readily demonstrated from pH 5.5 to 7. There was marked delay in the initiation of growth in one or more of the minus calcium replicates a t the lowest pH values (5.5 and 5.8). Otherwise the growth rate response appeared to be independent of pH value. Nor could any consistent interaction be demonstrated between calcium and pH value in respect of total growth. Similarly the pH value in the range 5.5 to 6.6 was without effect on the magnesium response ( Table 7) . 
Influence of calcium and magnesium on viability
A deficiency of either calcium or magnesium decreased the proportion of viable organisms. This was found for all stages of growth in the absence of calcium, and at 100 hr. for several concentrations of magnesium (Table 8 ). The effect of Mg was most striking, the proportion of viable organisms being almost directly related to concentration of magnesium.
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J. M. VINCENT * Added to medium containing 0.4 or 0.5 mM Ca. t None of the differences within experiments was significant (5 yo probability).
$ The additional lag time in Expt. 2 reflects smaller inoculum (different starting value allowed for). Growth of Rhizobium 661 $ Growth too late for reliable determination of rate; maximum growth based on the two of the three tubes that grew. Ratio of viable/total count ---- -t All tubes contained 0.5 mia Ca.
662
J. M. VINCENT DISCUSSION
There is no doubt that a deficiency of either magnesium or calcium decreased the total amount of growth of the strains of Rhixobium trifolii and of the several cultures of R. meliloti studied. The signs of deficiency in the two cases are however distinctive. Although a relatively large amount of magnesium (0-05-0-1 mM) was required for maximum total growth, the growth rate was unaffected a t concentrations a t least as low as 0.007 mM. On the basis of total growth, shortage of calcium only became apparent below 0.01 miq but then the dose response relationship was a very steep one. Below 0.005 mM added Ca, the growth rate was also affected.
These results show the need for continuous growth data, rather than depending on roughly quantitative assessments of growth in serial subculture. The values thus obtained have also to be related to the concentration of the substance concerned. It is not surprising, for example, that Loneragan & Dowling (1958) failed to obtain any response to added calcium in a medium already containing 0.16 mM Ca. Examination of Fig. 3 explains why it is so much easier to demonstrate a deficiency of magnesium than calcium. An equal increment of total growth requires about an eight times greater molar concentration of Mg than of Ca; a large part of the organism's requirement for Ca can obviously be met by a low concentration of Ca as impurity. The small amount of growth that occurred in some experiments without added magnesium could also be attributed to a low concentration of Mg as impurity.
It is also important to pay attention to other signs of nutrient deficiency, e.g. in the present instance decreased viability and abnormal cell morphology. The latter reflects very clearly the element concerned. The grossly swollen and vacuolated cells obtained with a Ca deficiency are the more striking and suggest a loss of rigidity in the cell wall. It might have beeii expected that this condition would have been reflected in greater osmotic fragility but, although some experiments in which calcium-deficient organisms were exposed to distilled water gave indications of swelling and accelerated rate of loss of viability, the experiments as a whole were inconclusive about this point. Analyses recently carried out in this laboratory by Mrs B. A. Humphrey (personal communication) show that calcium-deprived organisms contained only about one-tenth the amount of calcium as found in normal organisms. Almost all of the calcium of the deficient cells is located in the wall fraction. It seems likely that Ca plays a role in providing a rigid cell wall. This is being investigated.
Closer examination of organisms grown in a medium markedly deficient in magnesium have shown them to be appreciably longer than normal. This elongation is not unlike the condition observed with other bacteria grown in a magnesiumdeficient medium and commonly attributed to a failure of normal cell division. This might also explain the very low viability that was found in the present experiments a t the lower limiting concentrations of magnesium.
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